Abstract-Numerous Power Amplifier circuits are described in circuit topologies and implementation technologies, follow the literature, which seem to follow many distinct design certain system-level rules, i.e. rules regarding the internal approaches. While circuit implementations may be quite different voltage and current signals, dictated by the overall requirement indeed, the underlining system-level signaling inside these circuits for efficient energy conversion. Figure 2 . A striking major innovations. However, the late century market explosion fact to the uninitiated is that, in general the PA is a highly nonof mobile digital communication devices, such as cellular linear circuit despite its almost linear input/output behavior. It phones and wireless LANs and the massive introduction of IC is quite common for the internal voltages and currents to technology in everyday life have changed the electronic contain large harmonics. Traditionally, the presence of these landscape dramatically, opening a new demand for developing harmonics is viewed as a byproduct of the various techniques appropriate PAs. The new generation of PA designers much developed over the years for obtaining high efficiency. This is larger in number than before had to adapt the old techniques to true for classical current-mode designs such as class AB PAs the limitations and benefits of using integrated designs. This and modern switched-mode designs. Shortly, it will be shown factor and the wholesale relearning of the old techniques have that internal harmonics are necessary for high efficiency and created a true sense of "black art" in PA design.
I. INTRODUCTION
amplified!), PAs transfer power from DC to RF. The most Electrical power amplification [1] [2] [3] has played a key important task they have is to do this process efficiently. Figure function in electronic systems ever since Lee de Forest 1 shows the power balance diagram in a PA. Most power invented the vacuum tube triode in 1906 and Tellegen flowing into the circuit comes through the DC lines (input RF introduced the pentode tube in 1926. Soon after, electrical power is usually very small in comparison) and power flowing engineers worked out the details of designing good class A. B. out is divided between desired output RF power and undesired C Power Amplifiers (PAs). By the second part of the 20th heat loss. The efficiency is high if the loss is small and vice century, this art became a mature and narrow EE specialty versa. mastered by a few, which seemed to have little room left for A typical PA core circuit is shown in Figure 2 . A striking major innovations. However, the late century market explosion fact to the uninitiated is that, in general the PA is a highly nonof mobile digital communication devices, such as cellular linear circuit despite its almost linear input/output behavior. It phones and wireless LANs and the massive introduction of IC is quite common for the internal voltages and currents to technology in everyday life have changed the electronic contain large harmonics. Traditionally, the presence of these landscape dramatically, opening a new demand for developing harmonics is viewed as a byproduct of the various techniques appropriate PAs. The new generation of PA designers much developed over the years for obtaining high efficiency. This is larger in number than before had to adapt the old techniques to true for classical current-mode designs such as class AB PAs the limitations and benefits of using integrated designs. This and modern switched-mode designs. Shortly, it will be shown factor and the wholesale relearning of the old techniques have that internal harmonics are necessary for high efficiency and created a true sense of "black art" in PA design.
the only way to minimize loss is by nonlinear effects.
In this paper, we show that all basic PAs The second term in the right hand side of (2) Vk kCSk co C k-I ) equivalent way to state this is that the two-port lossless k=2 network terminated in the PA load resistor is a filter with a Relation (2) gives important insights on how the PA pass-band at the fundamental RF frequency. Naturally, the converts energy from DC to RF. The total loss PFoss must be a transistor parasitic capacitances must be included in the positive quantity since the transistor considered as operating network.
with full voltages and currents is a passive device (transistors The generation of harmonic power represented by the last do not generate power!), unlike its customary model used for summing term in the right hand side of (4) must be eliminated small-signal analysis. Furthermore, the transistor physics forces for the following reasons. As discussed above, any negative the DC drain current IDC as defined in Figure 2 to be always . ' . whih mkesthefirt trm n te rghthan sie fcomponents in the sum would represent respective harmonic positive, o power flowing out of the transistor only to be dissipated in the (2) positive. This term is clearly identified as the power PA load. This is not allowed by the PA linearity requirements. delivered into the PA by the DC power supply. The energy On the other hand, any positive components in the sum would conservation law tells us that Ploss must be smaller than the DC be dissipated in the transistor to the detriment of power power flowing into the PA therefore the second and third terms efficiency. The only alterative left is to make the harmonic in the right hand side of (2) must add to a negative number. power summation zero. We can interpret the right hand side of (2) as the superposition of the DC power flowing into the transistor from the DC power IV. ZERO HARMONIC POWER AND FDC RATIOS supply and a portion of it flowing out of the transistor at RF The last sum in (2) Class E PAs realize zero harmonic power through quadrature number of harmonics increases. In the limit, the maximum voltage and current harmonics.
FDC ratios possible are 4/x for a square wave, n/2 for a halfFor zero harmonic power and maximum fundamental wave rectified sinusoidal, and 2 for an ideal impulse. Next, we power, we calculate the power efficiency from relation (2) Table I compiles the maximum theoretical efficiencies for The overall PA efficiency is the product of two "fundamental-all possible combinations of internal PA voltage and current component to DC-component" (FDC) signal ratios. This is signals, which are either square waves, or half-wave rectified explicit evidence that the PA efficiency is directly linked to its sinusoidals, or impulse functions (all are maximum FDC ratio internal signal harmonics, whose presence in proper amount signals) such that the zero harmonic power condition is met and phasing can increase the FDC ratios. Figure 3 illustrates and the fundamentals are out of phase. The signals in Table I Table I are computed based on ideal comparison with the ideal case of Table 1 shows that using functions with infinite number of harmonics. Naturally, within only the second and the forth current harmonics brings the PA any real PA the voltage and current signals have limited efficiency to 71.lI%, which is close to the 78.500, efficiency of bandwidths. It is instructive to calculate the theoretical PA the ideal class B. This helps explain the historical success of performance under finite bandwidth conditions, which provide current-mode PAs. a better upper bound for the expected perfromance in practice.
The diagonal of Table III demonstrates what happens in To this end, one can still use relation 3 with appropriate values practical class D/F operation. While these PAs promise 00% for the FDC ratios. The latter were calculated with the program efficiency theoretically, in reality even after using a seventh Maple for the functions in Figure 3 having a limited number of harmonic in voltage and a sixth harmonic in current, the harmonics. The resulting efficiencies are shown in Table III efficiency reaches only 87.5%, which is respectable but still and Table IV . Simillar considerations are given in [5] and [6] . some distance away from the ideal. This helps explain why Table III shows the PA cases where the internal voltage audio class D PAs have been succefully developed but RF and current have either even harmonics or odd harmonics, but implementations are extremely challenging. Interestignly, the not at the same time such as to guarantee zero harmonic power. evolution of class-A into class-C as seen in Table IV 
